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Bidding farewell to the LEP accelerator, we acknowledge that an essential part of 
its legacy is the immense amount of data collected during 5 years of the LEP1 stage, 
at the Z° peak. This set of data allows for detailed studies of many phenomena, 
and particularly, of the final state interactions between hadrons. Presented here is 
a review of the most recent analyses in this area. 

1 Introduction 

This talk presents an overview of latest results in multiparticle correlation 
studies in hadronic decays of Z° by LEP experiments. Unless stated other- 
wise, it concerns pairs of identically charged particles. Analyses to be reviewed 
include the observation of a pion source elongation, studies of correlations be- 
tween kaons and between A baryon pairs, and the transverse mass dependence 
of the two-boson correlation function parameters. 

Multiparticle correlations are best described in terms of the four- 
momentum difference, Q, defined for two particles with four-momenta (E%, p-J 
and (E 2 ,p 2 ) as Q — (p 1 — p 2 ) 2 — (E\ — E 2 ) 2 . A two-particle correlation 
function is most commonly parametrized by a Gaussian shape: 

C 2 {Q) = l + \-e-Q 2R2 , (1) 

where R is usually interpreted as the geometrical source size, and A reflects the 
strength of the effect. Presence of Bose-Einstein correlations (BEC) should 
lead to enhanced production of boson pairs with small Q (positive A) , while 
Fermi-Dirac correlations (FDC) suppress production of fermion pairs in the 
region of small Q (negative A) . Extra terms are occasionally used to account 
for the experimental background. 

The transverse mass, mx, of two particles is defined as 

m T = (yjm\ +?t,i + \J m l +^1,2) / 2 > ( 2 ) 

where mi, m 2 are the particle masses, and pt,i, Pt,2 are their transverse 
momenta with respect to the axis of the process. 

For multidimensional analysis in components of Q, it ia convenient to 
introduce the Longitudinal Centre of Mass System (LCMS),tl in which Q is 
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resolved into a longitudinal component <3i ong (aligned with a process axis), and 
two transverse ones: Qt,out and Qt,sido- The three-dimensional representation 
of two-particle correlations in LCMS is then 

C 2 (Qt,aut, Qt.sidc, Qlong) = 1 + A • e -0?.a»t<o»t-<«.-d.^.-d.-Of«».^on. . (3) 

Experimentally, the correlation-caused enhancement (or depletion) is 
measured in the ratio of 

R(Q) = ((cL/V/d<2) data ) / ((d^/dg) rcfcrcncc ) , (4) 

where N is the number of particle pairs. The choice of the reference sam- 
ple (d-ZV/dQ) rc f oroncc , i.e., the one without the correlations in question, is very 
important. Possible reference distributions can be made by: a) pairing unlikc- 
charge particles (often denoted as "H — "); b) "event-mixing", i.e., combining 
like-charge pairs from particles belonging to different events; c) using Monte 
Carlo generated events without correlations. None of the methods is abso- 
lutely preferred, as each of them has specific shortcomings. It will be shown 
below that results might depend strongly on the reference sample choice. To 
compensate for the introduced side-effects, a double-ratio is often used to 
measure the "true" correlation: R tIue (Q) = i2data(Q)/#MontcCario(Q)- 

2 Pion source elongation 

Recently, it was suggested! that in the framework of the string model, the 
longitudinal source size ought to be larger than the transverse-one. This 
is now confirmed experimentally by several LEP experimentsa'utj (see, for 
example, the result by OPALQ in Fig|l]). 
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Figure l.i-Projections of the three-dimensional two-pion correlation function as measured 
by OPALcl ("H — " reference sample). 
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Tabic yj summarises the measured values. It should be noted that, in 
spite of different event selection criteria and reference samples, all results 
consistently demonstrate an elongated shape of the pion source in hadronic 
Z° decays. 

Table 1. Elongation of the pion source in hadronic Z° decays: summary of the measure- 
ments at LEP1 (R± corresponds to Qx = \jQ't out + Q't aide)' 





L3 

"mixed" reference, 
all events 


DELPHI 

"mixed" reference, 
2-jet events 


OPAL 
"H — " reference, 
2-jet events 


A 


o.4i±o.oilg;Sg 


0.261 ±0.007 ±0.010 


0.443 ±0.005 


^long, fm 


0.74 ± 0.021°;^ 


0.85 ±0.02 ±0.03 


0.989 ± O.Olllo ois 


-Rt.out, fm 


0.53 ±0.02±l °l 




0.647 ±0.011+°;^ 


-Rt.sidoi fm 


0.59 ± 0.0ll° ?3 




0.809 ± O.OO9I0 032 


R±, fm 




0.53 ±0.02 ±0.03 




Rx/R\ong 


0.80 ± O.02±g;5g 


0.62 ±0.02 ±0.04 


0.818 ± 0.018i°;ogo 



3 Correlations in kaon pairs 

While pion correlations have been extensively studied at LEP,i analysis of 
BEC in kaon pairs requires a reliable particle identification, thus very few re- 
sults were available until now. It was suggested that the observed boson source 
size should decrease with increasing particle mass,B which implies smaller ra- 
dius parameter R in case of kaon correlations, as compared to pion. This 
hypothesis was recently checked by OPALrl the measured radius parameter 
of R = 0.56 ±0.11 fm is found to be in the same range as the one reported 
earlier by DELPHI.Ej 

Table 2. Summary of kaon and pion BEC measurements by LEP experiments (charged 
pairs, one-dimensional C2(Q)). 



Experiment 


"H — " ref. 


"mixed" ref. 


A 


R, fm 


A 


R, fm 


OPAL, KK, 2-jet 






0.82±0.28 


0.56±0.11 


DELPHI, KK, all 


0.82±0.27 


0.48±0.08 






ALEPH, 7T7T, 2-jet 


0.48±0.03 


0.81±0.04 


0.30±0.01 


0.51±0.02 


DELPHI, 7T7T, 2-jet 


0.31±0.02 


0.83±0.03 


0.24±0.02 


0.47±0.03 


L3, 7T7T, all 


0.30±0.01 


0.94±0.04 


0.20±0.02 


0.58±0.05 


OPAL, 7T7T, 2-jet 


0.57±0.04 


1.00±0.10 







As can be seen in Table |2|, the kaon source size is the same as for pions, 
as long as the "mixed" reference samples are used for the latter. However, it 
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is clear that usage of the unlike-sign "H — " reference systematically leads to 
a nearly twice bigger observed pion source sizes. This can be explained by 
the fact that the residual BEC in "H — " pion pairs are much more significant 
than in kaon pairs. Thus, this reference is less reliable. 

4 Fermi-Dirac correlations 

Two-particle correlations betweeiLfermions should exhibit effects of the Fermi- 
Dirac statistics. Indirect studiestiJ concerning spin composition of AA and AA 
pairs lead to the observation of a suppression of S—l state, and gave estimates 
of the i?-parameter being around 0.1 0.2 fm (see Table ||). 

Table 3. A source size R: comparison of different studies . 



Direct C 2 (Q), ALEPH 


0.11 ±0.02 ±0.01 fm 


Spin 
composition 
analysis 


ALEPH 


0.14 ±0.09 ±0.03 fm 


OPAL 


0.14iS;« fm 


DELPHI 


H+ 06 fm 
u - 1± -0.O3 rm 



Recent analysis by ALEPB13 involves direct correlation function measure- 
ment in A A and A A pairs, using an inclusive event sample and the "mixed" 
reference sample as the primary choice. Fig. |^ clearly shows the presence of 
a depletion in A pair production at small Q. 

It can be seen in Table ||, that different methods lead to rather similar 
results, which show that the A source size appears to be much smaller than 
that of pions and kaons. 
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Figure 2. Correlation between A pairs as measured by ALEPhEI ("mixed" reference). 

5 my dependence of the BEC function parameters 

The issue of the transverse mass dependence of the BE£I function parameters 
in hadronic Z° decays was addressed in several studies .E3o The fact that the 
radius parameters of the two-particle correlation function tend to decrease 
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with increasing transverse mass is rather astonishing, since a very similar 
tendency is observed in heavy-ion collisions .R 
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Figure 3. Estimated longitudinal radius dependence on m,T for kaon pairs in JetsetQ. 

It has been long advocated that the proper quantum-mechanical approach 
to BEC, involving symmetrization of production amplitudes, can be intro- 
duced into a model like Jetset. Technically, it is quite a complicated task, if 
all the bosons have to be considered. It is .feasible though to implement such 
a procedure for the case of charged kaons JU since normally there is only one 
pair of identical charged kaons in a Z° decay event. It was shown that, upon 
applying the SAqnmetrization, kaon pairs exhibit a characteristic Bose-Einstein 
enhancement. Ej Moreover, as can be seen in Fig. ||, the symmetrization effec- 
tively causes kaons to be produced closer to each other, if their transverse 
mass increases. Whether caused by the explicit tot dependence of the frag- 
mentation function, or by the local energy-momentum conservation, this effect 
is likely to be the same as the one observed in two-pion correlations. 

6 Summary 

Analysis of LEP1 data produced many important results for multiparticle cor- 
relation studies. Among the most recent results is the measurement of the 
pion source elongation by different experiments, which found a longitudinal 
radius exceeding the transverse ones by 25% to 60%. Measurement of the 
BEC parameters for charged kaons showed that they are similar to those of 
pions; no strong evidence for a smaller radius exists at the moment. Corre- 
lations between A baryons were measured directly, and the observed source 
size was confirmed to be much smaller than that of bosons. Studies of the Tot 



a see, e.g., the talk by M. Murray in this volume 
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dependence of the BEC function parameters indicate that, like in heavy-ion 
collisions, the observed source size tends to decrease with increasing hit of the 
boson pairs. This effect is to big extent reproduced by Jetset, and attempts 
were done to explain it in the framework of the string model. 
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